Introduction {#Sec1}
============

Over the past decades, we have seen a shift in dentistry from invasive treatment towards prevention-driven treatment \[[@CR1]•, [@CR2]--[@CR5]\]. This calls for more versatile caries assessment methods that allow longitudinal follow-up of caries lesions in time \[[@CR6], [@CR7]\]. Such methods should be able to detect the onset of caries, or white-spot lesions, when remineralization is still an option and restorative care is not yet needed. Furthermore such methods should be able to determine changes in lesion severity in time. Caries assessment should include the monitoring of changes in the caries activity, where caries activity at subject level is defined as the incidence of new caries lesions and/or the progression of existing caries lesions. At lesion level, active caries lesions have the highest risk of caries lesion transitions among diagnostic categories \[[@CR8]\].

Whether for the purpose of caries clinical trials to test the efficacy of new caries preventive agents or for the purpose of caries management in dental private practice, there is a need to assess changes in caries lesion activity due to de- or remineralization as alternative outcome, instead of the cavitation end-point of failed caries prevention \[[@CR3]--[@CR10], [@CR11]•\]. As outcome of the International Consensus Workshop on Caries Clinical Trials (ICW-CCT), held in Loch Lomond in 2002 \[[@CR6], [@CR7]\], caries assessment methods need to cover the whole range of caries, from the early white-spot lesion to frank cavitation and be able to detect both caries progression and regression. Simple counting of the number of decayed, missing, or filled teeth (DMFT) or surfaces (DMFS) is too coarse. Changes in dietary pattern or oral hygiene should be reflected in a change in caries activity status. This calls for either monitoring in time, allowing the assessment of changes in lesion severity or assessment of lesion activity at a single point in time.

Current clinical standard of caries assessment is visual or visual-tactile (ball-ended probe) assessment of caries complemented with the use of x-ray photographs. In general only caries incidence and caries progression were scored. In 2005 the International Caries Detection and Assessment System (ICDAS) a 7-point ordinal scale was introduced for the monitoring of caries \[[@CR12]••\]. Since then ICDAS has been validated in caries clinical trials \[[@CR13]--[@CR17]\] and aids for the assessment of caries lesion activity have been introduced \[[@CR18]•, [@CR19]--[@CR23]\]. Attempts to assess lesion activity have been based on: presence of plaque, location of the lesion at a plaque stagnation site, surface roughness and dehydration pattern of lesions \[[@CR22]--[@CR25]\], or a subjects capability to remineralize an etched tooth area within 24 h \[[@CR26], [@CR27]\]. The validity of methods predicting caries progression over time based on a one-time assessment of lesion activity is low for smooth surfaces to moderate for occlusal surfaces \[[@CR8], [@CR20]\]. Caries experience may be equally valid as predictor of caries risk \[[@CR20]\]. When data from a previous caries examination is available, it is preferred to predict caries activity from changes in time.

Clinical Visual Caries Assessment {#Sec2}
=================================

In caries clinical trials, the DMFS or DMFT score is the accepted parameter of disease \[[@CR28]\]. Since the introduction of fluoride, the caries levels have declined \[[@CR29], [@CR30]\]. The use of fluoride dentifrice has become standard care, and new preventive agents should be tested and proven efficacious against a positive control, e.g., a 1450-ppm sodium fluoride dentifrice \[[@CR31]•\]. This calls for a larger number of subjects and/ or longer studies to assess such new caries preventive agents. This implies that costs for running a caries clinical trial have gone up. Therefore caries clinical trials are often run using earlier signs of caries as outcome parameter \[[@CR31]•\]. Furthermore one needs to now that new preventive agents not only prevent caries lesion incidence but also promote the remineralization of existing caries lesions. Hence one needs to monitor both progression and regression of caries lesions \[[@CR6]\]. The use of clinical scores of caries lesion severity, such as ICDAS, may already provide such a monitoring system \[[@CR6]--[@CR7], [@CR12]••\]. While an ICDAS score is recorded for each surface assessed, a direct comparison of lesions in time is hampered somewhat due to the fact that the lesion is reduced to one categorical number. Any change in lesion extent within the same ICDAS score cannot be detected \[[@CR32]\]. In cases where such changes do matter, ICDAS may be complemented by standardized oral photographs, allowing a side-by-side comparison of before and after photographs \[[@CR32]\]. Another option is to not only monitor the ICDAS score but also record indicators of caries activity \[[@CR20]\].

Caries Assessment Technologies Based on Optical Properties of Dental Hard Tissues {#Sec3}
=================================================================================

The majority of caries assessment techniques are based on changes in the optical properties of teeth. These may be based on, e.g., changes in the scattering properties of enamel, translucence, reflectance, and fluorescence using broad-spectrum white light or narrow band short or long wavelength light (violet-blue, red, or (near) infrared). Given the desire to assess short-term changes in caries activity, the use of irradiation techniques will not be discussed. An overview of techniques and their working principles are given in Table [1](#Tab1){ref-type="table"}.Table 1Overview of caries assessment techniques, aids to visual inspectionTechniquePhysical propertyType of resultMeasurement modalityType of surfaces and lesionsElectrical caries monitorConductance (1/resistance)Number \[0--99\]Pin-pointOcclusal fissures. Suitable for enamel and dentinal lesionsAC impedance spectroscopy, CarieScanImpedanceNumber \[0--99\], color signalPin-pointOcclusal fissures. Suitable for enamel and dentinal lesionsScattering monitor, MIDWEST Caries-IDBackscattering and reflectanceNumber (scattering monitor), color and audio signal (Caries-ID)Pin-pointAll accessible surfaces. Only early non-stained enamel caries lesionsFOTI/ DI-FOTI/ DIAGNOCAMTransilluminationVisual view or imageVisualFOTI: approximal surfaces only. More than half-way into enamel. DIFOTI: approximal and free smooth surfaces early and advanced lesionsDIAGNOdent (-pen)FluorescenceNumber \[0--99\]Pin-pointAll accessible surfaces. Most suitable for advanced lesionsQLF-D, QLF, VistaProof, SpectraFluorescenceImage, fluorescence loss \[%\] and lesion area \[pixels\] (QLF-D, QLF) or number \[1--5\] (VistaProof, Spectra). Lesions appear as gray or dark spots, healthy tissue appears white (QLF-D) or green (QLF, VistaProof, Spectra). Lesions may also display red fluorescencePhotographsAll accessible surfaces. Suitable for early caries assessment and advanced lesions. Matured plaque is visible as red fluorescenceSopro-LifeFluorescenceImage of fluorescence pattern superimposed on the reflectance image, caries appears as dark shadows and/or red fluorescing areasPhotographsAll accessible surfaces. Suitable for early caries assessment and advanced lesionsOCTTime of flight backscattering2D or 3D high-resolution images of cross-section of the tooth structures scannedScanning deviceAll surfaces and lesions. Suitable to detect early demineralization and remineralization, but also the thickness of the remaining layer of dentine in caries excavationPTR-LUMThermal pattern resulting from luminescenceNumber \[0--99\]Pin-pointAll surfaces and lesions

Scattering {#Sec4}
----------

When enamel is demineralized at the earliest stage of caries, this results in a higher scattering coefficient \[[@CR33], [@CR34]\]. Hence the earliest signs of caries appear whiter than the surrounding sound tissue. The scattering monitor is a technique based on this principle \[[@CR35]\]. Using a fiber-optic probe, light is directed towards the tooth. The back scattered light is retrieved by fibers surrounding the illumination fiber. The intensity of light retrieved in the detection fibers is converted into a number. By scanning over a tooth surface, one may detect white-spot lesions and record the level of decalcification. The need to scan surfaces makes the technique laborious.

The technology has been used in the MIDWEST caries-ID (Dentsply) \[[@CR36]\], which uses red and near-infrared LEDs as illumination source. The back scattering ratio of both illumination wavelengths is compared to that of a calibration ceramic to determine health or disease \[[@CR37]\]. When demineralization is detected, this is made visible by a red signal, accompanied by beeps at frequencies indicating the demineralization extent, but without means to record lesion severity. The technique is marketed as a detection device and, due to lack of quantification means, is not a monitoring device, making it less useful in determining the success of preventive treatment strategies.

Fluorescence {#Sec5}
------------

Dental hard tissues fluoresce green (510--535 nm) when illuminated with (violet-)blue light in the range of 370--500 nm \[[@CR38]\]. Demineralization results in a loss of observed green fluorescence \[[@CR39]\]. Red fluorescence is observed in the oral cavity from porphyrin-like metabolic products from bacteria in the dental plaque \[[@CR40]--[@CR43]\]. This red fluorescence can be observed in matured dental plaque, calculus, and caries lesions, from white-spot stage to frank cavities \[[@CR40], [@CR41], [@CR44], [@CR45]\]. The red fluorescence is induced by illumination in the blue (∼405) as well as the red part of the spectrum (∼655 nm), with peaks around 630--720 and 700--750 nm, respectively.

Quantitative light induced fluorescence (QLF) is a method initially developed for the detection of early caries lesions by quantification of green fluorescence loss as indirect measure of demineralization \[[@CR46]\]. The conventional QLF system (Inspektor Research Systems BV, Amsterdam, The Netherlands) as well as derived systems VistaProof (Dürr dental AG, Germany) and SPECTRA (Air Techniques, Inc. Melville, New York, USA) comprise an intra-oral camera with illumination means in the violet-blue part of the spectrum (∼405 nm) and a high-pass filter in front of the camera sensor blocking the excitation wavelengths and transmitting both green and red fluorescence from the dental tissues. Caries lesions appear as dark areas surrounded by bright green fluorescing healthy tissue, where advanced lesions may also display some red fluorescence. Fluorescence images are assessed for areas of green fluorescence loss and presence and intensity of red fluorescence. While the QLF system provides a continuous scale of green fluorescence loss and lesion area as well as red fluorescence levels, the VistaProof and SPECTRA systems transform green and red fluorescence ratios to an ordinal scale from 0 to 5 reflecting health and severe caries \[[@CR47], [@CR48]\]. For adequate monitoring of caries, preferably images should be captured of each tooth surface which can be linked to a patient data management system. While suitable for caries trials, in general practice, one usually only captures images of detected lesions, which can then be followed in time.

To allow imaging of the whole mouth at a glance, the visualization of white-light photos and fluorescence photos side-by-side, and the detection of red fluorescence even in early white-spot lesions, a new QLF camera system was developed (QLF-D, Inspektor Research Systems BV).

This new system uses a single lens reflex camera body (Canon model 450-D or up fitted with a 60-mm Macro lens, Canon Inc., Tokyo) equipped with an illumination and filtering tube (Biluminator Inspektor Research Systems BV, Amsterdam). The Biluminator tube consists of a ring mounted violet-blue LEDs (405 ± 20 nm) and white LEDs (broad spectrum, 6500K) for illumination of the oral cavity, with filtering optics in the optical detection path of the camera, that allows the capturing of both white-light and fluorescence images. The use of differential filtering techniques has resulted in a bright white luminescence of the healthy dentition, while caries lesions appear dark. The red fluorescence signal from matured plaque, calculus, and caries lesions is enhanced in comparison to the conventional green fluorescing QLF images. Quantification of caries lesions results in assessment of fluorescence loss, lesion area, and level of red fluorescence in the lesion. The technique is expected to have similar sensitivity and specificity as its predecessor, but validation of the technique in caries clinical trials needs to prove this.

In 2010, the Sopro-Life (Sopro-Acteon, La Ciotat, France) was introduced which is a fluorescence camera system using both white-light imaging and fluorescence imaging at 450-nm excitation \[[@CR49], [@CR50]\]. The fluorescence image is superimposed on the anatomical image of the tooth providing caries details. The system does not provide quantification of caries lesions but relies on visual assessment similar to, e.g., ICDAS. Apart from a daylight mode, also diagnostic and treatment modes are provided. Due to its many options, like magnification and different view modalities, the system seems less suitable for standardized photography of teeth, rendering it difficult to monitor caries over time.

Last but not the least, DIAGNOdent and DIAGNOdent pen (KAVO, Biberach, Germany) are devices using the red fluorescence in caries lesions to assess the level of disease. The red fluorescence is excited by a 655-nm laser. The intensity of red fluorescence around 700 nm is detected and converted into a value between 0 and 99 \[[@CR51]\]. The devices are mainly used to scan across the occlusal and/or approximal surfaces but may equally well be used to assess caries on the smooth surfaces. Given the time needed to scan a full mouth, the technique is highly suitable as adjunct to visual inspection. Lesions, once detected, can be monitored in time to judge progression and regression. In comparison to the camera devices, the DIAGNOdent is a less expensive device.

Transillumination {#Sec6}
-----------------

The translucence of enamel and dentine has been used since the 1980s for the detection of proximal caries. The fiber-optic transillumination (FOTI) technique in its simplest form consists merely of a fiber-optic illuminator using broad spectrum white light, which is held just below the contact-point in the interproximal area \[[@CR7], [@CR52]\]. In healthy teeth, the enamel will be uniformly illuminated. When a caries lesion is present in the proximal surface, light will be blocked and a dark area is visible from the occlusal view. Also occlusal caries can be viewed. FOTI is a qualitative technique and as such not suitable to monitor caries in time. The technique has been developed further into a digital imaging system (DI-FOTI) that allowed the observation of not only proximal and occlusal caries but also smooth surface caries, covering the whole range from incipient caries to frank cavitation in all surfaces \[[@CR53], [@CR54]\]. Preliminary results on quantification of caries lesions were promising, but the system is no longer on the market. Recently a near-infrared transillumination camera system has been introduced to the market (DIAGNOcam, Kavo) \[[@CR55]\]. In this new device, the broad spectrum illumination source has been replaced by a narrow band light source in the near-infrared, which should in theory allow the light to penetrate deeper into the tissue. Only one clinical evaluation study has been published to date. Focus of that study was on detection of proximal and occlusal caries in need of restorative care. They conclude that NIR transillumination may help to avoid bitewing radiographs for diagnosis of caries in everyday clinical practice. Also the manufacturers' focus seems to be on detection of caries and assessment of restorations for presence of secondary caries.

Optical Coherence Tomography {#Sec7}
----------------------------

The use of optical coherence tomography (OCT) has thus far been limited to research. In vitro research has focussed on the understanding of the caries process and detection of the different stadia \[[@CR56]--[@CR58]\]. Clinically OCT devices have been used to assess sealant efficacy \[[@CR59], [@CR60]\], caries on smooth, occlusal, and approximal surfaces \[[@CR57], [@CR61]--[@CR64]\], erosion \[[@CR65]\], and cracks \[[@CR66], [@CR67]\]. Attempts to introduce OCT systems into the dental clinic have unfortunately been unsuccessful. New developments to improve scanning \[[@CR68]\] may pave the way into the dental clinic. Unlike the other optical techniques, OCT produces images of the microstructure of tooth tissues assessed from the outer surface towards the pulp \[[@CR69]•\]. OCT thus allows both qualitative and quantitative assessment of caries tooth structure in depth. From the 2D depth scans, a 3D representation can be computed. Unlike the aforementioned techniques, OCT is not affected by plaque or calculus. Given the time required for scanning all surfaces in the oral cavity, OCT is rather used to inspect, e.g., the occlusal surfaces and lesions development under sealants or adjacent to restorations \[[@CR59], [@CR70], [@CR71]\]. Lesions detected can be monitored over time by simply comparing images or derived lesion depths.

Photothermal Radioluminescence {#Sec8}
------------------------------

A combination of luminescence and thermal pattern resulting from irradiation with laser light (660 nm) at varying pulse durations can be used to determine a depth profile of a tooth, differentiating healthy and decayed tooth structure \[[@CR72], [@CR73]\]. Potentially the photothermal radioluminescence (PTR-LUM) signals could be displayed as 3D image showing the location and extent of the decay. The system on the market (Canary, Quantum Dental Technologies Inc., Canada) transforms the PTR-LUM signals into a number, where higher numbers stand for caries decay.

Caries Assessment Aids Based on Electro-conductance Properties of Dental Hard Tissues {#Sec9}
=====================================================================================

Caries assessment based on changes in the conductance of dentine and enamel has been introduced in the 1990s \[[@CR74], [@CR75]\]. These methodologies have proven especially successful for root caries \[[@CR76]\] and occlusal caries \[[@CR77]••\]. The most recent development of a device developed for the general dental practitioner is the CarieScan based on impedance spectroscopy (\[[@CR17]\]). By recognizing the differences between enamel and dentine structures, this device allowed already early stages of occlusal caries to be detected, especially so-called hidden caries. An overview of techniques and their working principles are given in Table [1](#Tab1){ref-type="table"}.

Discussion {#Sec10}
==========

Depending on the site and type of caries being assessed, the choice for a caries assessment aid may differ. When the monitoring of changes in early caries of white-spot lesions is the main objective, methods based directly or indirectly on the scattering properties of enamel may be the most likely choice. Methods that include the recording of photographs have the benefit that a measure of not only lesion depth or mineral loss is provided but also the lesion area, whereas scanning or pin-point methods such as the DIAGNOdent or scattering monitor only provide a single measure for the surface of the most advanced part of the lesion.

Of all methods discussed, the red fluorescence assessed with the DIAGNOdent, QLF, VistaProof, or QLF-D is considered to be related to metabolic products in plaque and hence in theory an indirect measure of caries activity. The observation that red fluorescence is lost in time may be indicatory of lesion improvement even if the fluorescence loss of the lesion is not changed. In an arrested lesion, the red fluorescence is expected to diminish, but so far, data is merely anecdotal. Whether this hypothesis is true or false needs to be evaluated in a caries clinical trial in subjects with existing active caries using a proven caries prevention method versus a control.

While all caries assessment methods discussed are merely aids to visual assessment, it is a pity that evaluation studies all judge them as a stand-alone technique. Current focus in research has been on detection of caries and determining lesion severity with respect to non-operative or operative treatment needs. This however is and should remain the discretion of the dental professional. The technologies should aid the monitoring of caries lesions, by providing a measure of lesion severity.

Proper assessment of the diagnostic value of techniques is difficult clinically, due to a lack of an adequate reference test, given that most technologies aim at detecting caries lesions earlier than by visual detection. Most diagnostic studies are therefore performed in vitro using histology, microradiography, or similar as a reference test. Perhaps the best validation of a caries assessment technique would be the evaluation of an anti-caries agent with known efficacy in comparison to a control in a caries clinical trial setting \[[@CR31]•\]. Few such studies exist. The device most widely used in caries clinical trials is the conventional QLF camera. The system has proven to discriminate between fluoride regimens aimed at remineralization of caries \[[@CR31]•\].

It highly depends on research or clinical needs, which technology is best suited. In a study where QLF was used to assess remineralization of white-spot lesions after orthodontic treatment, it was shown that standardized oral photographs were equally useful to detect changes in caries severity and outperformed ICDAS \[[@CR32]\]. The expensive and more sophisticated option may not necessarily be the best option. In a high caries risk population, the use of DMFS scores or ICDAS alone may already provide sufficient detail. When caries adjacent to restorative materials is assessed, fluorescence imaging techniques \[[@CR78], [@CR79]\] or optical coherence tomography seem the best choice. When high-resolution details are needed for the sake of treating, e.g., deep dentinal caries or crown preparation \[[@CR80]\] or when judging the marginal integrity of a restoration, OCT is the technique of choice \[[@CR69]•, [@CR81], [@CR82]•\].

Perhaps the best part of new technologies is that in clinical practice, they involve the patient in caries assessment and treatment planning. By providing information about oral health status including lesion severity, especially when visualized in photographs, the patients can understand their needs. As such the use of these technologies may aid the communication with the patient and in doing so aid caries prevention.

Conclusion {#Sec11}
==========

The need for early detection devices for caries lesions has led to the introduction of several optical and electro-conductance-based techniques that may aid visual caries assessment. Due to optical properties of teeth and the imperfect remineralization of enamel, the optical properties of a white-spot lesion in theory cannot return to the healthy situation. In real life, lesions will therefore seldom return from ICDAS 1 or 2 to ICDAS 0 or 1 \[[@CR32]\]. Using standardized oral photographs may allow the comparison of lesions before and after the implementation of a caries preventive regimen in a qualitative way.

When more detailed information about, e.g., the extent of caries reversal is desired, one may choose any of the mentioned techniques to quantify the lesion at both times. For an overall impression of lesion severity and a careful indication of activity, the red fluorescence from bacterial metabolic products may be indicative, but this has to be proven in caries clinical trials.
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